The objective of this study was to investigate the effect of different cultivation regions on the pattern and content of flavonoids in two pummelo cultivars (C. grandis L. Osbeck) in China. Results showed that similar patterns of flavonoids were observed in the flavedo or juice of each pummelo cultivar from these cultivation regions, whereas the individual flavonoid content showed unique characteristics. Naringin, the predominant flavanone glycoside, showed the highest content in both flavedo and juice of C. grandis "Guanximiyu" from the Pinghe of Fujian (FJ) cultivation region compared with the Dapu of Guangdong (GD) and Nanbu of Sichuan (SC) regions. However, its content in the flavedo of C. grandis "Shatianyu" from the Pingle of Guangxi (GX) was significantly lower than in the GD and SC regions. Vicenin-2 appeared to be the dominant flavone C-glycoside in the flavedo of both cultivars, and the lowest content was observed in the flavedo of C. grandis "Guanximiyu" from the SC region. However, C. grandis "Shatianyu" contained the highest content of vicenin-2 in the flavedo from SC region. Similarly, the predominant flavone O-glucoside, rhoifolin, showed the highest content in C. grandis "Guanximiyu" from the GD and FJ regions, whereas C. grandis "Shatianyu" in SC region showed the highest content of rhoifolin. Cluster analysis suggested that genotype played a primary role in determining the flavonoid profiles of pummelo cultivars,
Introduction
Phenolic compounds have received considerable attention in the food science field because they have been demonstrated to possess multiple health benefits [1] [2] [3] [4] . Phenolic compounds naturally exist as secondary metabolites in fruits, and their accumulation is determined by genotypes as well as regional cultivation conditions [5] [6] [7] . For a particular variety of fruit, different regional cultivation characteristics have been reported to regulate the flavonoid metabolism gene expressions and enzyme activities, and therefore play a very important role in affecting the accumulation of phenolic compounds [8, 9] . Therefore, understanding the impact of the cultivation regions on the pattern and content of phenolic compounds in pummelo is useful for the cultivation of pummelo of better quality and nutritional value.
Pummelo (C. grandis L. Osbeck) belongs to the Citrus genus and is widely cultivated in the southern areas of China [10] . C. grandis "Guanximiyu" and "shatianyu" are two major pummelo cultivars that are widely cultivated in China. Previous studies have confirmed that pummelo contains high levels of phenolic compounds, especially flavonoids, such as flavanones and flavones [11] [12] [13] . However, whether the pattern and content of flavonoids in a single pummelo cultivar are affected by cultivation region has so far not been investigated in China. Therefore, we chose two pummelo cultivars, C. grandis "Guanximiyu" from Dapu of Guangdong (GD), Pinghe of Fujian (FJ), and Nanbu of Sichuan (SC), and C. grandis "Shatianyu" from Dapu of Guangdong (GD), Pingle of Guangxi (GX), and Nanbu of Sichuan (SC) of China. C. grandis "Guangximiyu" was originally cultivated in the FJ region, whereas the GX region is the original cultivation area for C. grandis "Shatianyu". The pattern and composition of the flavonoids from these regional pummelo cultivars were analyzed using high performance liquid chromatography coupled with mass spectrometry (HPLC-MS/MS). The objective of this study was to investigate the effects of cultivation regions on flavonoid pattern and distribution in the flavedo and juice of pummelo cultivars in China, and further to test whether the flavonoid composition could be used as an indicator to differentiate the regional effects.
Results

Comparison of Flavonoids in C. grandis "Guanximiyu" Flavedo
A total of five flavanone glycosides were detected in the flavedo of C. grandis "Guanximiyu" ( Table 1 ). The total content of flavanone glycosides in the flavedo of C. grandis "Guanximiyu" was the highest in the FJ cultivation region, followed by the GD and SC regions. Naringin was the major flavanone glycoside in C. grandis "Guanximiyu" flavedo from all the cultivation regions, followed by O-triglycosylnaringenin and acetylnaringin. Neoeriocitrin and melitidin were present in the flavedo samples as well. However, their contents appeared to be at a low level. FJ flavedo showed the highest naringin content compared to the flavedo from the other two cultivation regions. Similarly, the other three flavanone glycosides in the flavedo of C. grandis "Guanximiyu", including O-triglycosyl-naringenin, acetylnaringin, and neoeriocitrin, showed the highest content in the FJ cultivation region. However, no significant differences in the content of melitidin in the flavedo were observed from these cultivation regions. Seven flavone C-glycosides were detected in the flavedo of C. grandis "Guanximiyu" from these cultivation regions, although neither lucenin-2,4'-methyl ether nor diosmetin 6-C-glucoside were found in the GD flavedo sample. The total content level of flavone C-glycosides in the flavedo of C. grandis "Guanximiyu" was comparable with that in the GD and FJ regions. The total content of flavone C-glycosides was approximately 1.5 times higher in the FJ than in the SC region. With regards to individual flavone C-glycosides, the predominant flavone C-glycoside in the flavedo of C. grandis "Guanximiyu" appeared to be vicenin-2 and its content showed a regional difference. The GD and FJ regional flavedo samples contained a higher level of vicenin-2 than the SC flavedo. It should be noted that apigenin 6-C-glucosyl-7-O-glucoside was not predominantly present in the flavedo of C. grandis "Guanximiyu". However, its content showed the regional differences. Its content was higher in the GD cultivation region, followed by the FJ and SC. The FJ and SC cultivation regions showed higher content levels of lucenin-2 and apigenin 6,8-di-C-(feryloyl) glycoside in comparison with the GD region. No significant differences in the content of other flavone C-glycosides were observed in the flavedo samples from these cultivation areas.
Three individual flavone O-glucosides were identified in the flavedo of C. grandis "Guanximiyu" from all the cultivation regions. However, their content levels showed significant differences. The total content of flavone O-glucosides appeared to be the lowest in the SC region and the content from the GD and FJ regions was approximately two times higher than in SC. The significant differences of total flavone O-glucosides resulted from rhoifolin, the predominant flavone O-glycoside. The GD and FJ regions had approximately 2-3 times higher content of rhoifolin in comparison with the SC cultivation region. Similarly, diosmin showed the highest content level in the FJ cultivation region followed by the GD and SC. A similar content level of kaempferol 7-O-rhamnosyl 3-O-glucoside was observed in the flavedo of C. granids "Guanximiyu" from all the cultivation regions.
Comparison of Flavonoids in C. grandis "Guanximiyu" Juice
In the juice of C. grandis "Guanximiyu", six individual flavanone glycosides were detected. The GD regional juice did not contain O-triglycosyl naringenin or neoeriocitrin, although the content level of these two flavanone glycosides was low in the juice from the FJ and SC regions ( Table 2 ). The total contents of flavanone glycosides showed similar results as the flavedo samples, and the FJ and GD cultivation regions showed approximately two times higher total content compared with the SC region. Regarding individual flavanone glycosides, naringin also appeared to be the predominant flavanone glycoside. Its content in the juice of C. grandis "Guanximiyu" from the GD and FJ cultivation regions was approximately two times higher than that in the SC juice sample. This trend was also observed in acetyl naringin content in the juice sample from these regions. C. grandis "Guanximiyu" juice in the FJ cultivation region showed the highest melitidin content, followed by the GD and SC regions. It should be observed that O-triglycosylnaringenin, neoeriocitrin, and didymin existed at a relatively low level in all the juice samples except that O-triglycosylnarigenin and neoeriocitrin were not present in the GD region.
The only flavone C-glycoside detected in the juice of C. grandis "Guanximiyu" was vicemin-2, and it was found at a relatively low level, while the FJ region juice sample appeared to have the highest content.
There were two flavone O-glucosides in the juice of C. grandis "Guanximiyu" from all the cultivation regions. Interestingly, rhoifolin turned out to be the predominant flavone O-glucoside, and the primary contributor to total flavone O-glucoside content. Its content in the juice of C. grandis "Guanximiyu" from the GD and FJ regions was approximately three times higher than that in the SC region. Diosmin also showed significantly different levels in these regional juices, although its content was low. --represents not detected; data are mean ± standard deviation of triplicate tests from three trees; different letters in each compound represent significant difference at p represe.
Comparison of Flavonoids in C. grandis "Shatianyu" Flavedo
Except for neohesperidin being only present in the flavedo of C. grandis "Shatianyu" from the GX region, the flavedo samples from the GD, GX, and SC cultivation regions all contained five flavanone glycosides. However, the content of these flavanone glycosides showed regional characteristics (Table 3) . Total content of flavanone glycosides showed a higher level in both GD and SC cultivation regions, and the content was approximately two times higher than that in the GX flavedo sample. According to individual flavanone glycosides, naringin and melitidin were two predominant flavanone glycosides present in the flavedo of C. grandis "Shatianyu", and the GD and SC flavedo samples contained significantly higher content of naringin and melitidin than the flavedo sample from the GX region. It should also be noted that the content of naringin in the SC flavedo was approximately five times higher than that in the GX, whereas C. grandis "Shatianyu" flavedos in the GD and SC had almost 1.5-2.0 fold the content of melitidin compared with the GX flavedo sample. The content of O-triglycosyl naringenin and acetyl naringin turned out to be the highest in the GD region followed by the SC and GX. Neoeriocitrin had a similar content level in these regional flavedo samples but differences among regions were not statistically significant.
Vicenin-2 and apigenin 6,8-di-C-(sinapolyl) glycoside were two flavone C-glycosides detected in the flavedo of C. grandis "Shatianyu" from these cultivation regions. However, apigenin 6,8-di-C-(feryloyl) glycoside was detected only in the SC flavedo sample at a high content level. The SC cultivation region resulted in the highest total content of flavone O-glycoside in comparison with the flavedo sample from the GD and GX regions. In comparison to vicenin-2 in the regional flavedo samples, the highest content was observed in the SC region, followed by the GD and GX regions. Interestingly, The GD and GX C. grandis "Shatianyu" flavedos had similar content levels of apigenin 6,8-di-C-(sinapoly) glycoside, which were higher than the level in the cultivar from the SC region.
The flavedo of C. grandis "Shatianyu" from the GD, GX, and SC regions all contained rhoifolin, a flavone O-glucoside. However, the content showed significant differences according to the region. The SC regional C. grandis "Shatianyu" flavedo had the highest rhoifolin content, which was about two and five times higher than the GD and GX flavedo, respectively. Diosmin was only detected in the flavedo of C. grandis "Shatianyu" pummelo cultivated in the SC region. 
Comparison of Flavonoids in C. grandis "Shatianyu" Juice
In the juice of C. grandis "Shatianyu", except for neoeriocitrin being detected in only GX regional juice, the other three flavanone glycosides, including naringin, acetylnaringin, and melitidin were all present in the juice samples from these cultivation regions (Table 4 ). The total contents of flavanone glycosides were similar in the juices from these cultivation regions. Naringin and melitidin were two major flavanone glycosides that existed in the juice of C. grandis "Shatianyu". However, no significant differences in their content were observed among these cultivation regions. It should be noted that acetylnaringin content was much higher in the juice from the SC region compared with the GD and GX, although the content level of acetylnaringin was significantly low in the juice.
Rhoifolin was the only flavone O-glucoside detected in all the regional C. grandis "Shatianyu" juices, and the SC regional juice turned out to have the highest content followed by the juice samples from the GD and GX cultivation regions. 
Cluster Analysis
Cluster analysis was carried out using all the flavonoids quantified as variables with the aim of better understanding the similarities and differences of flavonoid profiles in the flavedo and the juice of these two pummelo cultivars from different cultivation regions in China (Figure 1 ). The proximity among samples was determined by the squared Eulidean distance using Ward's method as a linkage rule. It should be noted that the original cultivation regions of C. grandis "Guanximiyu" and "Shatianyu" are FJ and GX, respectively. Regarding the flavonoid profile in the juice of C. grandis "Guanximiyu", FJ and SC regions were clustered with a closer hierarchical distance in comparison with the GD region, indicating that the flavonoid profiles from FJ and SC regions were quite similar. Similarly, the same hierarchical distances were observed in the juice of C. grandis "Shatianyu" from GD, GX, and SC regions, suggesting they possessed the similar flavonoid profile in the juice. Compared to the flavonoid profile in the juice of pummelo cultivars, much more differences were observed in the flavedo of pummelo cultivars from different cultivation regions. For example, in the flavedo of C. grandis "Guanximiyu", FJ and SC showed a much closer hierarchical distance compared with GD, indicating that the GD cultivation region significantly changed the flavonoid profile in the flavedo of C. grandis "Guanximiyu", and its flavonoid profile was no longer similar to that from its original cultivation region, FJ. Similarly, the flavedo of C. grandis "Shatiamyu" from GD and SC regions shared a similar flavonoid profile, and the profile was significantly different from the GX region, the original cultivation area of C. grandis "Shatianyu" in China. These results indicated that cultivation regions with different regional characteristics played an important role in the accumulation of flavonoids in pummelo cultivars and significantly changed the flavonoid profile of each pummelo cultivar, especially the flavonoid profile of the pummelo flavedo. 
Discussion
Different flavonoid patterns in both flavedo and juices of these two C. grandis pummelo cultivars were observed, suggesting that the biosynthesis of flavonoids in pummelo was primarily determined by pummelo genotypes [13, 14] . However, the pattern of the flavonoids in the flavedo or the juice of each pummelo cultivar was quite similar from different cultivation regions, whereas the content of individual flavonoids appeared to be significantly different. These results indicated that cultivation region significantly affected the accumulation direction of flavonoids in the flavedo and the juice of pummelos [8, 15, 16] . It has been proposed that the expressions of genes and activities of enzymes related to flavonoid biosynthesis and metabolism can be regulated and altered in different cultivation regions under different temperatures, precipitations, and sunshine exposures, which eventually impact the accumulation of the flavonoids in fruits [17, 18] . In the biosynthesis of flavonoids in fruits, L-phenylalanine is catalyzed by a series of enzymes to form 4-coumaroyl CoA. Subsequently, naringenin chalcone is biosynthesized from 4-coumaroyl CoA and malonyl CoA with the activity of chalcone synthase (CHS). With the presence of chalcone isomerase (CHI), naringenin chalcone is further converted into naringenin. Finally, naringenin derivatives are yielded from naringenin during a series of enzymatic reactions by conjugating different sugar moieties [1, [19] [20] [21] . Thus, naringenin and its derivatives can be used as an indicator to reflect the impact of cultivation regions in gene expression and enzyme activity levels of flavonoid biosynthesis. In the present study, the highest total flavanone glycosides in C. grandis "Guanximiyu" flavedo and juice were observed in FJ and GD regions. These results suggested that CHS and CHI genes might show a level of higher expression in these two regions, increasing the activity of CHS and CHI to enhance the accumulation of flavanone glycosides in the flavedo of C. grandis "Guanximiyu". Regarding the regional characteristics of these cultivation regions (Table 5) , the FJ and GD regions have much higher average annual precipitation and temperature in comparison with the SC cultivation area. These regional characteristics may help to stimulate the expression of CHS and CHI genes in pummelo, leading to higher contents of flavanone glycosides. Surprisingly, the original cultivation regions of C. grandis "Shatianyu", the GX region, had the lowest level of flavanone glycosides in both flavedo and juices in comparison with the GD and SC regions. Although the GD and GX showed similar climates as well as regional characteristics, the microclimate in the GD region might be an important factor that caused the higher accumulation of flavanone glycosides by potentially increasing CHS and CHI enzyme activities in C. grandis "Shatianyu". Interestingly, the ratios of naringin to the total flavanone glycosides in C. grandis "Guanximiyu" remained similar when comparing the FJ region with the GD and SC regions, suggesting that the expression of genes that regulate conjugation of sugar moieties to naringenin remained similar under different cultivation regions. However, obviously low ratios of naringin to total flavanone glycosides in the flavedo of C. grandis "Shatianyu" from the GX region indicated that the expression of the glycosyltransferase gene might be significantly regulated by the GX regional characteristics.
Naringenin forms apigenin under the catalytic activity of flavone synthase I (FNS I) and flavone synthase II (FNS II). Naringenin is also catalyzed by flavanone-3-hydroxylase (FHT) to yield dihydrokaempferol which is further converted into kaempferol under the activity of flavonol synthase (FLS). Afterwards, flavones are conjugated with sugar moieties to form flavone C-glycosides and flavone O-glucosides via C-glucosyltransferase and O-glucosyltransferase, respectively [22] [23] [24] . Therefore, the level of apigenin and its derivatives is considered an indicator for evaluating the regulation of flavone synthase genes by cultivation regions. In the present study, apigenin and its derivatives were most observed in the flavedo of C. grandis "Guanximiyu" and "Shatianyu" cultivars, whereas the juices did not contain high levels of apigenin and its derivatives. In C. grandis "Guanximiyu" flavedo, the total contents of flavone C-glycosides and O-glucosides were much higher in the FJ and GD regions, indicating that the FNS I and FNS II might show higher activity from these two cultivation regions. In the flavedo of C. grandis "Shatianyu" cultivar, the lower level of flavone C-glycosides and O-glucosides from the GX region suggested the lower activity of flavone synthases caused by low expression of the flavone synthase genes. With regards to individual flavones, vicenin-2 and apigenin 6,8-di-C-β-D-glucopyranoside were the predominant apigenin derivatives. The different content ratio in each cultivar from different regions indicated that the C-glucosyltransferase metabolisms were not consistent in different cultivation regions. It should also be noticed that rhoifolin and apigenin 7-O-neohesperidoside were the major flavone O-glucosides in the flavedo and juices of these two pummelos. However, the content level of rhoifolin showed the cultivation region characteristics, indicating that O-glucosyltransferase enzyme activities were very different in these cultivation regions, which might be due to different O-glucosyltransferase gene expression levels in these cultivation regions. Table 5 . Location, climate, and regional characteristics of different pummelo cultivation regions in China. The original cultivation region of C. grandis "Guanximiyu" and "Shatianyu" cultivar is Pinghe of Fujian (FJ) and Pingle of Guangxi (GX), respectively.
Cultivation
Geographically, The GD and GX regions belong to the south China cultivation area for pummelo, whereas the FJ and SC region are located in the southeast and southwest pummelo cultivation area, respectively. The GD and GX regions possess a subtropical monsoon climate with average annual precipitation approximately 1500 nm, average annual temperature approximately 20 °C, and average annual sunshine of approximately 2000 h ( Table 5 ). The FJ region possesses similar climate characteristics compared to the GD and GX regions. It should be noted that the SC region is located in the Sichuan basin, and has a subtropical humid monsoon climate. Its average annual precipitation is much lower than the GD, GX, and FJ regions [10] . From the cluster analysis (Figure 1) , the profiles of flavonoids in C. grandis "Guanximiyu" juice were quite similar among GD, FJ and SC cultivation regions. The similar profiles of flavonoids in C. grandis "Shatianyu" juices from GD, GX, and SC regions were also observed. However, the flavonoid profiles in the flavedo of these two cultivars from these cultivation regions showed much greater differences. Regarding C. grandis "Guanximiyu", the FJ and SC cultivation regions showed a much closer flavonoid profile compared to GD region, which might be due to the difference of cultivation regions. However, it should be observed that the GD region shared a similar flavonoid profile with the SC region, instead of the GX region in the flavedo of C. grandis "Shatianyu". This indicated that the microclimate of the GD region might significantly alter the accumulation of flavonoids. More importantly, the better flavonoid profiles in the flavedo of C. grandis "Shatianyu" cultivar were observed in the GD and SC regions rather than its original cultivation region, GX.
Experimental Section
Chemicals and Standards
Methanol, acetic acid, and acetonitrile were purchased from Fisher Scientific (Fairlawn, NJ, USA). The analytical grade ethyl acetate was received from the Beijing Chemical Reagent Plant (Beijing, China). Naringin and quercitrin were purchased from Extrasynthese SA (Genay, France). Millipore water was generated from a Milli-Q Element water purification system (Millipore, Bedford, MA, USA).
Fruits
C. grandis "Guanximiyu" from Dapu of Guangdong (GD), Pinghe of Fujian (FJ), and Nanbu of Sichuan (SC), and C. grandis "Shatianyu" from Dapu of Guangdong (GD), Pingle of Guangxi (GX), and Nanbu of Sichuan (SC) were harvested between September and November of 2009. Three fully ripened fruits were randomly picked in the same tree and in each genotype. Three trees were randomly selected in the same orchard. The regional characteristics of these cultivation regions are listed in Table 5 . The physiochemical properties of each pummelo cultivar from the different cultivation regions were similar (Table 6 ). Table 6 . Total sugar, total acid, and soluble solid content of C. grandis "Guanximiyu" in GD, FJ, and SC, and C. grandis "Shatianyu" in GD, GX, and SC, respectively. 
Sample Preparation
The flavedo, the external layer of peel, and the flesh were separated from two symmetrical parts of the fruits. Afterwards, the flavedo or flesh of the fruits was combined and frozen using liquid nitrogen, and finally ground into a fine powder using a blender. The powder of the flavedo was stored at −40 °C before further analysis. The frozen flesh powder was thawed and then centrifuged at 8000 rpm for 10 min to collect the juice.
Flavonoid Extraction
The extraction of flavonoids from the flavedo and the juice of pummelo cultivar samples followed our published method [13] . Regarding the extraction of the flavonoids from the flavedo, the flavedo powder (15.0 g) was mixed with methanol (30 mL), sonicated for 5 min, and kept in the dark at 25 °C for 30 min with three agitations at 150 rpm. The resulting extract was centrifuged at 8000 rpm for 10 min, and the supernatant was collected. All the supernatants were pooled, evaporated at 30 °C on a rotary evaporator, and then redissolved in 10 mL of methanol prior to HPLC-MS analysis. Three fruits from the same tree were mixed as a replicate and extractions from three trees were considered triplicate tests. The extraction of the flavonoids from the juice was conducted by adding ethyl acetate (50 mL) to the juice (50 mL) five times. The extracts were pooled and evaporated on a rotary evaporator at 30 °C. Afterwards, the resultant residue was re-dissolved in 5 mL of methanol before HPLC-MS analysis. Three fruits from the same tree were mixed as a replicate and extractions from three trees were considered triplicate tests.
HPLC-MS/MS Analyses of Flavonoids
An Agilent 1100 system (Agilent Technologies, Santa Clara, CA, USA) consisting of an autosampler, a quaternary pump, a column compartment, and a diode array detector was used for separation of the flavonoids in the flavedo and the juice samples [13] . The separation was achieved using a reverse-phase Zorbax SB C18 column (250 mm × 4 mm, 5 µm, Agilent Technologies). The binary mobile phase consisted of (A) 1% acetic acid:water (v/v) and (B) 1% acetic acid:acetonitrile (v/v). A 32 min gradient was used as follows: 0 min, 5% B; 5 min, 8% B; 7 min, 12% B; 12 min, 18% B; 17 min, 22% B; 24 min, 35% B; 26 min, 100% B; 30 min, 100% B; 32 min, 5% B; followed by 5 min of re-equilibration of the column before the next run. The injection volume was 10 µL with a flow rate of 1.0 mL/min. The wavelength on the diode array detector was 280 nm. Electrospray ionization in negative mode was performed using nebulizer 30 psi, drying gas 10 L/min, drying temperature 325 °C, and capillary voltage 4000 V. Full scan mass spectra of the flavonoids were recorded from m/z 100 to m/z 1500. Naringin and quercitrin were used as external standards to quantify flavanones and flavones, respectively. Data were collected and integrated using Chemstation software (Agilent Technologies).
Statistical and Multivariate Analyses
Data were expressed as the mean ± standard deviation of triplicate tests. One-way analyses of variance of three-tree means were performed using SPSS Version 16.0 Statistical Package for Windows (SPSS Corporation, Chicago, IL, USA). A difference of p ≤ 0.05 was considered as significant. Cluster analysis was achieved by the same software using the individual flavonoids as variables.
Conclusions
In conclusion, the pattern and content of flavonoids in the flavedo and the juice of C. grandis "Guanximiyu" from the GD, FJ, and SC regions and of C. grandis "Shatianyu" from the GD, GX, and SC regions were compared using HPLC-MS/MS, respectively. The results showed that the accumulation of individual flavonoids was significantly affected by cultivation regions. Particularly, naringin, vicenin-2, and rhoifolin showed the highest content level in the flavedo and the juice of C. grandis "Guanximiyu" from the FJ region, the original cultivation region of C. grandis "Guanximiyu". However, the original cultivation region for C. grandis "Shatianyu", the GX region, had the lowest level of naringin and melitidin. The cluster analysis indicated that genotype determined flavonoid profiles, whereas cultivation regions affected flavonoid composition in pummelo cultivars.
